Hepatocytes, rather than leukocytes reverse DNA damage in vivo induced by whole body γ-irradiation of mice, as shown by the alkaline comet assay DNA damage repair was assessed in quiescent (G 0 ) leukocytes and in hepatocytes of mice, after 1 and 2 hours recovery from a single whole body γ-irradiation with 0.5, 1 or 2 Gy. Evaluation of single-strand breaks (SSB) and alkali-labile sites together were carried out by a single-cell electrophoresis at pH>13.0 (alkaline comet assay). In non-irradiated (control) mice, the constitutive, endogenous DNA damage (basal) was around 1.5 times higher in leukocytes than in hepatocytes. Irradiation immediately increased SSB frequency in both cell types, in a dose-dependent manner. Two sequential phases took place during the in vivo repair of the radioinduced DNA lesions. The earliest one, present in both hepatocytes and leukocytes, further increased the SSB frequency, making evident the processing of some primary lesions in DNA bases into the SSB repair intermediates. In a second phase, SSB frequency decreased because of their removal. In hepatocytes, such a frequency regressed to the constitutive basal level after 2 hours recovery from either 0.5 or1 Gy. On the other hand, the SSB repair phase was specifically abrogated in leukocytes, at the doses and recovery times analyzed. Thus, the efficiency of in vivo repair of radio-induced DNA damage in dormant cells (lymphocytes) is quite different from that in hepatocytes whose low proliferation activity accounts only for cell renewal.
INTRODUCTION
In proliferating cells, repair of DNA damage is under constraints imposed by the autonomous running of the cyclindependent kinases (CDK) cycle. Partial unlinking of DNA repair for such constraints is obtained through checkpoint pathways that, in the presence of DNA damage, transiently block the overcoming of irreversible transitions to a subsequent cycle phase by preventing CDK activation (López-Sáez et al. 1998) . In this way, active checkpoints provide additional time for the completion of DNA repair before specific transitions between subsequent cycle phases are allowed (Zhou and Elledge, 2000) .
In mammals and plant cells, the DNA damage response is proportional to the proliferative activity (Essers et al, 2006; Hefner et al. 2006) . However, it is unknown whether dormant mammalian cells (with no time constraint to repair their DNA) may still display some tissue specificity in this function. For instance, some authors postulate that DNA repair takes place in both hepatocytes (Ono and Okada, 1978) and lymphocytes (Ori et al., 2004) , while other authors conclude that DNA damage accumulates in both cell types (Sharma and Yamamoto, 1980; Fenech and Morley, 1985, respectively) . To investigate the DNA repair response in quiescent cells, we have studied both the mouse circulating leukocytes and hepatocytes. To compare their DNA repair capacities, single cell electrophoresis (comet assay) at a pH>13 was applied at different times after whole mouse γ-irradiation. This alkaline variant of the comet assay allows the estimation of endogenous and radio-induced single-strand breaks (SSBs), as well as those associated with incomplete excision repair sites. The amount of fragmented DNA migrating to the comet tail is a function of the SSB level present in the nucleus. This technique also detects the fixed set of genomic constitutive alkali-labile sites and, if present, DNA-DNA and DNA-protein cross-linkings (Tice et al., 2000) . The alkaline comet assay is the most sensitive technique for analyzing the kinetics of in vivo DNA repair in nonproliferating cells.
The mechanisms involved in the production of both endogenous and radioinduced DNA fragments are mediated by the formation of SSB. A few of these DNA lesions are directly formed in response to low doses of ionizing radiation. However, most SSB are intermediate lesions produced through the early processing of damaged DNA bases, by the sequential action of enzymes involved in the base or nucleotide excision repair pathways (Christman et al., 2003; Huffman et al., 2005) .
In the present work, we found that while hepatocytes were able to repair during 2 hours of recovery, most if not all DNA damage induced by γ-rays at 0.5 and 1 Gy, leukocytes were unable to. Thus, both cell types differ in kinetics of appearance of the radio-induced DNA lesions, in the maximum level they achieve and, overall, in the rate of their DNA repair.
METHODS
Two-month-old female mice were used, because nuclear ploidy in liver cells becomes stabilized at this age (Brodsky and Uryvaeva, 1985) . Thirty six mice from the NSA CFI strain (2807919A registered number of the UAM Biotherium) were used for the present work. Mice were kept in a 12 h light/12 h dark regime, in the fixed conditions earlier described (Carrera et al., 1998) .
Irradiation was carried out with a 137 Cs source of 1,700 Ci of activity, at a dose rate of 3.7 Gy min -1 . For each experiment, sets of three mice were irradiated together with 0.5, 1 or 2 Gy, while another single unirradiated mouse was processed similarly and used as a control. Whole experiments were repeated three times. In each experiment, the manipulation to obtain hepatocytes and leukocytes for each single animal was carried out in parallel by two different persons. It took about 10 min from the time when the liver and blood samples were obtained from each mouse until cell nuclei were embedded in the second agarose layer (from low melting temperature agarose, InCert, FMC BioProducts Europe, Denmark).
Hepatocytes were obtained according to the procedure previously described. It mainly consists of exposing a fresh section of the liver to a drop of alkaline denaturation solution, and its immediate inclusion in agarose to carry out the microelectrophoresis in alkaline (pH>13) conditions (Carrera et al. 1998) .
Leukocytes were isolated from whole blood (around 250 μl) extracted from the heart. Blood aliquots (10 μl) were diluted to one ml with Hank's balanced salt solution (Gibco, USA), 20 mM EDTA pH 7.2, and centrifuged at 15,000 g for 5 min at room temperature to collect the resulting pellets. Leukocyte or hepatocyte suspensions (120 μl) in 0.5% low melting point agarose were extended at 35ºC on the slides covered first by a normal melting point agarose layer (Boehringer-Mannheim, Barcelona, Spain). This second agarose layer was kept at 0ºC for 10 min. After removing the cover slide, a last 0.5 % normal melting point agarose layer (85 μl) was placed on top and flattened by a cover slide. This procedure, as well as lysis, pre-electrophoresis, and staining of DNA was carried out by 4 mg ml -1 ethidium bromide, according to previously described protocols (Tice and Andrews, 1993; Navarrete et al. 1997; Carrera et al., 1998) , except that the electrophoresis was carried out at 0.8 V cm -1 , at 11 ± 0.5ºC.
An epifluorescence microscope equipped with a 40X objective, a 515-560 nm excitation filter, and a 590 nm barrier filter was used. Comet images were taken by a video camera (Hammamatsu, Photonics k.k., Sunayama-Cho, Japan) that transmitted the images to a computer. In each animal, a minimum of 20 comet images per experimental condition were analyzed by the PC-image VGA program, version 2.10 (Forster-Findlay Ass. Ltd.). The number of DNA lesions or SSB was expressed as a function of the percentage of fragmented DNA present in the tails of the different comet types. The levels for significance of differences among mean values were estimated by applying the Student's t test. The minimal significance was considered at a maximum P value equal to 0.05.
RESULTS
In control non-irradiated animals ( Fig. 1) , the basal DNA damage was around 1.5 times greater in leukocytes than in hepatocytes (P < 0.01, Student's t test). DNA damage was recorded as the frequency of DNA fragmented into pieces, as a consequence of the SSB presence, that migrated to the comet tail during electrophoresis. These DNA lesions were endogenous, constitutive ones, produced by aerobic metabolism. Their frequency is considered to be tissue-specific. The recorded DNA lesions also include a fixed number of alkaline-labile sites that characterizes the genome of each species. Both sets of lesions were made evident by the lysis step at pH>13, followed by electrophoresis, under the alkaline comet assay.
The immediate response to radiation (no recovery)
The number of DNA lesions (SSB) was evaluated in hepatocytes and leukocytes of mice exposed to 0.5, 1 or 2 Gy of irradiation doses. The lesions were first recorded at the end of the irradiation period, actually after the 10 min required for the abbreviated preparatory steps of a fast variant of the alkaline comet assay up to the time the nuclei were included in the second agarose layer (Navarrete et al. 1997 ). The frequency of the SSB responsible for DNA fragmentation, and the migration of the nuclear DNA fragments to the comet tail, after single cell electrophoresis, increased immediately in both cell types after irradiation, in relation to their constitutive damage present before irradiation (Fig. 1) . The frequency of SSB recorded immediately after irradiation was a direct function of the radiation dose. Strikingly, for each irradiation condition, the frequencies of SSB achieved at the very end of irradiation were similar in both hepatocytes and leukocytes. When substracting the constitutive DNA damage present in non-irradiated conditions (corresponding to the physiological oxidative damage produced by metabolism plus the alkaline-labile sites unmasked at pH>13) from that recorded after irradiation, it was found that the radio-induced SSB were always higher in hepatocytes than in leukocytes (Fig. 1) .
In short, the earliest response to irradiation is apparently produced simultaneously to irradiation itself. This fast response is characterized by an increase in SSB, making evident the processing of radio-induced primary DNA lesions that result in a transient accumulation of SSB repair intermediates. Hepatocytes were more efficient than leukocytes in this early processing step.
Effect of recovery time on the frequency of radio-induced SSB
SSB levels increased not only during irradiation, but also during recovery, both in hepatocytes and leukocytes (Fig. 2) . Cell type specificity was determinant for the response to radio-induced DNA damage after 0, 1 and 2 hours of recovery. At the lowest irradiation dose (0.5 Gy) the maximum frequency of DNA lesions took place after 1h of recovery, both in hepatocytes and leukocytes. Moreover, though after 0h recovery time the SSB level was similar in both cell types, the radiationinduced increase in DNA lesions in leukocytes was higher than in hepatocytes ( Fig. 2A, B) . At 1 or 2 Gy irradiation doses, the maximum SSB recorded in this later cell type was achieved immediately after irradiation, when no recovery (0h) was allowed ( Fig. 2A) . Conversely, in leukocytes, no variation at the SSB level was recorded in response to 1 or 2 Gy of irradiation doses, after 1 or 2 h of recovery (Fig. 2B) .
The most obvious divergence between hepatocytes and leukocytes was the difference in their capability to repair radio-induced DNA damage, even though both cell types were quiescent, non-cycling cells. Thus, hepatocytes were able to repair their radioinduced SSB, while leukocytes were unable to repair in the experimental conditions here assayed. In fact, after 2 h of recovery from the 0.5 or 1 Gy of irradiation doses, the frequency of SSB regressed to the SSB constitutive level the hepatocytes had before irradiation ( Fig.  2A) . After 2 Gy irradiation, however, there was only a small but still significant DNA repair activity in the hepatocytes (P < 0.02, Student's t test). The corresponding repair rate remained similar throughout the first two hours of recovery.
In open contrast to the situation in hepatocytes, no significant reversal of DNA damage took place in leukocytes (Fig. 2B) , at least during the first two h of recovery analyzed, with the exception of a small decrease in the SSB presence that took place 2 h after irradiation with 0.5 Gy.
Analysis of the population of comets obtained under the different experimental conditions was then carried out. In order to visualize the changes taking place in both cell types -because of the migration of fragmented DNA to their tails as a consequence of the SSB presence-comets were distributed in six different A to F classes (Fig. 3) . A-type comets possessed tails with less than 12% of the total nuclear DNA, while the F-type comets with more than 60% of its nuclear DNA migrated to tails should correspond to apoptotic cells. The other comet classes displayed frequencies of DNA migration to tails between these two values (see legend of Fig. 3 ). Though the A-E comet types should also include some few apoptotic cells developing earlier steps of the apoptotic programme, they usually remain unknown, due to the technical difficulty in applying specific apoptotic assays. Frequency of the different types of comet tails observed in response to 1 Gy of γ-irradiation in both hepatocytes (left column) and leukocytes (right column) of whole body irradiated mice. A-tails correspond to less than 12% of the nuclear DNA migrated to comet tails; B = 12.1-24%; C = 24.1-36%; D = 36.1-48%; E = 48.1-60 and F>60%, as recorded after alkaline preelectrophoresis followed by electrophoresis.
Increases in nuclear DNA migration to comet tails secondary to rises in SSB, and their decreases after DNA repair were followed in both hepatocytes and leukocytes. In hepatocytes (Fig. 3) , the DNA content migrated to comet tails which first increased, and then decreased during recovery from 1 Gy of irradiation. If we compare these images to the behaviour of the leukocytes-derived comets (Fig. 3) it is obvious that, even after 2 h of recovery, leukocytes were unable to regain the comet tail distribution they displayed previous to their irradiation, when only endogenous DNA damage was present (controls). Although the mean frequency of SSB was similar immediately after irradiation and after 1 and 2 h of recovery, there was some response of the leukocyte population to irradiation, though it lacked any evident trend, because of the heterogeneity of the population itself.
DISCUSSION
The present results confirm that the repair of radio-induced DNA damage takes place in two different phases. In the earlier one, the primary DNA lesions are processed to single-strand breaks, while in the second one, the SSB are repaired. Thus, there is first an increase and then a decrease in the SSB that the alkaline comet assay detects. The strict time-dependency of the level achieved by the radio-induced DNA lesions (Mozdarani et al. 2007 ) is fully supported by the present data. As a consequence, the present conclusions should only be valid for the relatively short time of recovery used throughout this study (2 h).
The rapid increase in SSB recorded when no recovery time from irradiation was allowed might be achieved if the primary radio-induced lesions behave as alkalinelabile sites, with no further processing than their exposure to a high alkaline pH to make them evident. However, this possibility should be discarded, as after 0.5 Gy irradiation and no recovery, the level of SSB is similar in both cell types ( Fig. 2A,  B) , although hepatocytes displayed less endogenous DNA damage previous to irradiation than leukocytes (P < 0.01, Student's t test).
The present observations show the kinetics of the early processing of radioinduced DNA lesions into SSB. These are mostly formed by the action of the enzymes involved in either the base or the nucleotide excision repair pathways (Yang et al. 2006) . Considering the basal, constitutive SSB level under control conditions, the efficiency of this early processing resulted in an increase in SSB levels higher in hepatocytes than in leukocytes (Fig. 1) . This is consistent with the high metabolic rate displayed by hepatocytes (Jakoby and Ziegler, 1990) which accounts for detoxifying the organism, and for a low but steady rate of renewal of the aged hepatic parenchyma cells. By contrast, these two hepatocyte functions are apparently missing in the terminal circulating leukocyte, although it still repairs endogenous DNA under certain circumstances (Ori et al. 2004) .
After the important increase in SSB as intermediate products of the processing of the primary DNA lesions, a second phase starts in which the actual DNA repair takes place. The reversal of SSB was very efficient in hepatocytes. In them, even the basal, constitutive DNA damage level recorded in the non-irradiated mice was again achieved. On the other hand, this DNA repair phase was specifically abrogated in the leukocytes. The present work points out that the expression and function of genes responsible for SSB removal in quiescent cells should be preferentially blamed for the cell typespecific differences in the rate of repair of radio-induced DNA lesions.
SSB are also intermediate processing products of primary oxidative damage, and also of other lesions such as alkylated DNA (Pincheira et al. 2003, in plants) . In this case, some of the lesions further develop into mutagenic and lethal double-strand breaks (DSB), when not completely removed (Caldecott, 2007) . This scenario, however, may not apply to the endogenous, constitutive DNA damage and to the low doses of irradiation used here, though the present data cannot discard the presence of a small number of serious, secondary DSB.
Small differences in the handling of hepatocytes and leukocytes are difficult to evaluate. However, in the non-irradiated mice, the constitutive SSB level was higher in leukocytes than in hepatocytes. Thus, these last cells may be more efficient than leukocytes in diminishing their metabolisminduced SSB, as they are when dealing with the radio-induced DNA lesions.
It is worth pointing out some other aspects of the present results. If we accept that each of the recorded SSB levels results from the differences between their on-going production and the repair of the SSB intermediates, the rate of SSB increase during recovery from 0.5 Gy in hepatocytes might not be dissimilar from that produced in response to 1.0 Gy (Fig. 2A) . Therefore, DNA repair may probably start simultaneous to irradiation or in the subsequent 10 min taken by the cells to be ready for electrophoresis, while SSB are still being formed. This is the case when eliciting the radiation adaptive response to a low irradiation dose previous to a challenging one, in both mouse (MendiolaCruz and Morales-Ramírez, 1999) and other mammalian G 0 cells (Cortés et al. 1994 ).
In conclusion, in whole-body irradiated mice, the efficiency of the in vivo reversal of the SSB processing intermediates of damaged DNA (Huffmann et al. 2005 ) is strongly cell type-specific in the nonproliferating, dormant cells and in cells proliferating at the low rate required for only tissue renewal. The capability to reverse endogenous or experimentally induced DNA damage seems to be related to the residual metabolic activity that each cell maintains.
